Abstract: Integrated Resource Planning ("IRP") is an effective approach to energy utility planning for future energy requirements. The goal of IRP is the identification of resources and/or the mix of resources for meeting near and long term consumer energy needs in an efficient and reliable manner at the lowest reasonable cost. These plans take into account the cost, effectiveness, and benefits of all appropriate, available, and feasible power generation and customer options. This paper presents an IRP developed for an African country, detailing a projection of supply-and demand-side capacity requirements to meet national objectives during the 2004-2020 periods. It also presents the risk assessment methodology employed; describing its implementation in terms of a computer model developed specifically for this particular case, and discusses the main results from the application of this model. Finally, we recommend several hedging strategies designed to mitigate the risk exposure.
I. INTRODUCTION
he main objective of this research was to develop an original applied methodology to provide the Electricity Regulator of an African nation with an economic planning tool, which should lead to determining the lowest practical cost at which the Electricity Supply Industry can deliver reliable energy services to its customers. The complex nature of modern electricity planning, which must satisfy multiple economic, social and environmental objectives, requires the application of a planning process that integrates these often-conflicting objectives and considers the widest possible range of traditional and alternative energy resources. Traditional electricity planning has sought to expand supply resources to meet anticipated demand growth with very high reliability, and to minimize the economic cost of this expansion (see Figure 1 ). These criteria, aided until recently by improving economies of scale in electric generation, led to a nearly-universal strategy of rapid capacity expansion and promotion of demand growth, with little consideration of the necessity or efficiency of energy use. In addition, in many developing countries, dependent on the Donor Community, there is also a dynamic in play where the expansion the system can be driven more by the availability of projects of interest to Donor Nations than the priorities of supply. This can lead to additions not always coherent with the best long term expansion of the existing system and/or the immediate needs. Further, during the past few years increasing supply costs and environmental constraints have reduced or removed incentives for capacity expansion, and the concept of "least-cost" utility planning has begun to be completely redefined worldwide.
Costs of Supply Alternatives Rather than least-cost supply expansion, modern utility planning is evolving toward IRP (see Figure 2 ). This means integrating a broader range of technological options, including technologies for energy efficiency and load control on the "demand-side," as well as decentralized and nonutility generating sources, into the mix of potential resources. Additionally, it means integrating a broader range of cost components, including environmental and social costs, into the evaluation and selection of potential technical resources. Incentives for the different stakeholders (utilities and customers, mainly) must be considered to obtain final revenues, as a function of performance. In this sense, an important feature of this model is the feedback that must exist of prices and customers' incentives.
T
The final objective of the IRP is to provide a level "playing field" where all the attributes of different supply options are valued. Hence the expected result of the market -and nonmarket -changes brought about by IRP is to create a more favorable economic environment for the development and application of efficient end-use technologies and cleaner and less centralized supply technologies, including renewable sources. IRP means that these options will be considered, and the inclusion of environmental costs means that they will appear relatively attractive compared to traditional supply options.
The difficulty with implementing such changes in developing countries is that the value of environmental quality is not generally traded in the market, since it is a common social good, and that the benefits of energy efficiency technologies not always accrue or are perceived by the decision makers, due to various distortions, e.g. in the relative fuel prices, and/or institutional barriers. Thus, planning, regulation and fiscal incentives has been used to correct these problems and to provide signals to move the Electricity Supply Industry (ESI) toward cleaner and more efficient energy technology. Higher electricity prices are often needed to implement the plans and resource allocations resulting from IRP, but price measures are not a sufficient solution in an ESI with imperfect competition and incomplete information.
The results of the model are documented in this paper, as an example of how to develop a strategic energy plan in the short, medium and long run. Furthermore, the integrated least-cost planning process has the following characteristics:
1) The process recognizes multiple stakeholders, such as various classes of ratepayers, investors, and other elements of society. Each stakeholder may measure the cost or goodness of a plan differently.
2) Planning options are evaluated on a level playing field, using criteria and methods that do not unfairly bias the selection of alternatives nor unfairly represent the interest of a single stakeholder.
3) Uncertainties are treated explicitly.
IRP explicitly addresses the full range of options for investments to expand the provision of energy services. This sub-section presents some of the principal actions that are commonly considered in an IRP process.
• Integrating both DSM & Loss Reduction Programs with Supply Expansion Plans The implementation of energy-efficiency measures via DSM is a common change resulting from the use of IRP. IRP is particularly appropriate for developing countries (such as African countries), where there are often severe capital constraints and a large potential for electricity loss (both technical and non-technical) reduction.
• Integrating Non-Utility with Utility Generation Recent years have seen a drastic shift away from the construction of large central power stations by electric utilities. In the case of developing countries, this has been the result of a trend toward deregulation and/or privatization in the electricity sector. This change is leading to the advent of competition for supplying utility power and a more general deregulation of the power sector. A further goal of IRP may be then to allow the evaluation of such sources on an equal basis with central supply expansion.
• Integrating Risks with Cost Analysis One of the principal reasons for pursuing energyefficiency improvements is that energy consumption leads to pervasive externalities, ranging from local pollution and global greenhouse gases to risks associated with uncertainties, that are not necessarily reflected in energy supply costs and planning efforts.
• Integrating the Customer with the Utility Perspective Since in most of the developing countries the government is mainly responsible for managing the energy sector, and a reliable supply of electricity is considered an essential public service, most governments would need to shift their traditional focus of power-development by adding supply to the efficiency with which all investment resources are used.
III. METHODOLOGY
The approach used was the Unknown but Bounded, which accounts for the limits on the modeled uncertainties, with no assumption about probability distributions. The consideration of alternatives in the process of planning involves setting up input uncertainties describing the states of the world considered relevant for the planning process, and testing how options would perform in that context. This would yield tradeoffs in the attribute space. An example of this is shown in Figure 1 , which shows the trade-off between two attributes: Energy Costs [in US$/MWh] and Unavailability Costs [in US$/year]. Each point in this figure shows a scenario. The figure also illustrates the process whereby a decision set can be arrived at. A decision set consists of those scenarios, which are not completely dominated by others. In Figure 3 , the scenarios that belong to the decision set are linked together by a line. It is obvious that there are no other scenarios, which would be better than those on the decision set regarding the attributes shown. Hence, all of those outsides the decision set can be dropped from future consideration.
Additionally, it is usually assumed that people act rationally when they compare the costs and benefits of any activity and then decide to engage in that activity if that choice maximizes return relative to cost. This is not a particularly "economic theory", it is the foundation of most theories in psychology relating to human behavior. It is also important to understand that this comparison is a very subjective analysis. That is to say: the costs and/or the benefits of engaging in any economic activity are likely to be different for any two people.
The Unknown but Bounded approach yields as decision set, but ultimately the Agent has to make a decision. In our case we selected the method known as the Minimum Regret as the tool to arrive to this decision.
Regret, which is strongly related to the cost of opportunity, is said to be the difference between what you got, and the best you could have gotten, given a specified outcome. The Minimum Regret, also known as the MaxiMin (or MiniMax) method, seeks to maximize the profit derived from a decision, while minimizing the adverse consequences of it. 
IV. DEMAND-SIDE INITIATIVES AND LOAD FORECAST
As it was stated above, DSM programs involve a systematic effort to manage the timing or amount of electricity demanded by customers. Usually DSM programs are developed and implemented by the corresponding utility. However, in some countries government agencies such as electricity regulators can also take action in these DSM efforts. DSM strategies consider initiatives aiming to change the shape of the load curve or the total area under the load curve (i.e. the total energy consumed), or can be a combination of both goals. Figure 4 describes the classical DSM strategies. Electrical utilities or regulators can design programs combining two or more of the load shaping strategies, aiming to modify the load profiles of their customers and/or total energy demanded. Figure 4A represents the objective of reducing the peak of the load curve. It can be achieved by raising tariffs during peak-hours, for example and lowering them off-peak. Reducing the peak does not necessarily decrease overall energy consumption, as shown in Figure 4C . This strategy is particularly useful when the supply consists of run of river plants, which could be spilling water overnight. Load shifting (C) is the DSM equivalent of a pumped storage facility. Figure 4B and Figure 4E illustrate the objective of increasing electricity sales during certain hours. In the first case efforts are made to direct load growth toward specific periods during the day (although it could also be during the year), and the second case promotes general load growth. In some cases, increased electricity use can result from fuelswitching that reduces direct fuel use, so electric load growth does not necessarily (though usually) increase total primary energy consumption. Figure 4F represents a situation where a utility has the possibility to create a flexible load curve that can accommodate customers' demand and the utility's operational characteristics. For example, in a hydroelectric system during the dry-season the utility is interested in reducing electricity demand, but during the wet-season it has the opposite situation. Direct load control is one technology used for this purpose.
Strategic Load Growth (E)
Flexible Load Shape Not all the programs researched and investigated met the selection criteria for inclusion in this IRP. In fact, due to the particular conditions of the electricity sector in this selected African country (i.e., mainly run-of-river hydro plants), the DSM option that met the selection criteria and was most attractive is the load shifting alternative ( Figure 4C ). The benefits from these alternatives were investigated by the modeling of the pump-storage equivalent and a gradual increase in the load factor of the demand.
Load Forecasting is a critical element during the planning process. The purpose of any forecast is to estimate future levels of demand to serve; and this information will be the basis for the IRP. The main objective of this activity is to determine those scenarios of demand that would be utilized in the development of the different scenarios. Optimistic and pessimistic demand scenarios were defined for this purpose.
The demand analysis focused on the domestic retail power requirements of the country on both a short-and long-term basis. Retail is the fundamental driver of all power sector activity. The retail analysis decomposed the total retail sales forecasts into per class analyses to examine the relative importance of each class to electricity demand.
A detailed load forecast was beyond the scope of this research, but as this input is crucial for the IRP, extensive efforts were made to gather and use as much information as possible. Consistent with the unknown but bounded methodology, we selected two energy and demand forecasts considering historical data provided by the utility. These included historical data on number of new accounts, electrification level, energy sales (residential, general, LV high consumption and MV customers), average losses and expected new large industrial loads.
The only way to determine the accuracy of any load forecast is to wait until the forecast year has ended and then compare the actual load to the forecast load. Even though the whole idea of forecasts is accuracy, the only thing certain about any long-range forecast is that it can never be absolutely precise. Forecasting accuracy depends on (i) the quality and quantity of the historical data used, (ii) the validity of the forecast basic assumptions, and (iii) the accuracy of the forecasts of the demand-influencing factors (population, income, and price). Since none of these is ever perfect, long-term load forecasts are typically reviewed annually. Even so, there is simply no assurance that electricity demand will be as forecasted, no matter what method is used or who makes the forecast.
V. SUPPLY-SIDE INITIATIVES.
The particular conditions of the electric generation in this African country are quite unique and no ready-made recipes for IRP are applicable. Therefore, this section summarizes the nature and issues affecting electric generation in this country, followed by a discussion on how these issues affect the supply-side initiatives. 100% of the generation in Table 1 consists of run-on-river plants located on the same river. This means that all the generation depends on a single hydrological system and the plants do not have significant regulation capacity. Therefore the plants must either use the water for generation as it flows or spill it. This situation is one of the most important features of the generation segment in this country and it creates both challenges and opportunities. The available capacity of the total system is approximately 210 MW, which is very close to, if not lower than the system peak (peak was about 209.9 in 2003). However, these plants could generate an average of over 1,800 GWh in a year (at the observed availability), 60% more than the required energy. These plants are capable of producing almost double the country's current requirement assuming internationally acceptable values of availability. Even the firm energy (energy available under extremely dry conditions) is approximately 20% higher than the requirements.
In evaluating hydroelectric plants, one of the most important information points is the hydrology of the rivers where the plants are located. This information normally takes the form of a series of historical flows for 50 or more years, that can be used for estimating the average energy and firm energy production (that is the production associated with water flows that are exceeded 95% of the time), in each plant.
There cannot be a good IRP, if there are no options to choose from. Considering more options would improve the chances that the plans originated by sorting them will be robust and ensure the desired outcomes. Next section illustrates the scenario analysis and integrated model developed to design an appropriate IRP for this African country.
VI. SCENARIO ANALYSIS AND INTEGRATED MODEL.
IRP plans are developed to ensure sufficient resources (in service and in reserve) to maintain an optimum reliability of supply to the country, minimizing the cost of supplying and the cost of not supplying customers. Additionally, these plans are aimed at keeping plant redundancy to a minimum. They also usually include DSM options (hence we talk about resources) on the basis of their economic value in comparison to supply-side options. This section presents a summary of the scenarios produced in the IRP model and the results obtained. Table 2 summarizes the options considered in our study.
A. Options & Plans
Once the options are defined, several plans are formed, as necessary. In this case, twelve plans were postulated, as shown in Table 3 . 
B. Uncertainties & FUTURES
The uncertainties that were modeled included the most relevant (in terms of both the uncertainty itself and its impact) set of variables. Table 4 summarizes the modeled uncertainties. There are two possible futures for the main uncertainties above (high and low) and their combination amount to 16 futures as shown in Table 5 . Therefore, the combination these 16 futures, and the 8 proposed plans, account for a total of 128 scenarios. 
C. Attributes
The considered attributes included those with the most relevance (in terms of impact). Table 6 summarizes the considered attributes. A specific model was developed for the 2004-2020 time period. Scenarios are constructed from options and uncertainties, and then characterized in terms of attributes.
VII. RESULTS Figure 4 summarizes the results for every considered scenario (128 in total). From this figure we note the following:
• The decision set, i.e. those plans and conditions that produce the best results (lower costs), is highlighted with the red line
• There are also highlighted four groups of scenarios, clustered according to the relative area where they are located within the Figure. These four groups are discussed below.
• Starting from the top-right the first group corresponds to the results of high existing load growth and high new industrial load (scenarios A, B, C and D). Plans 3, 4,5,6,7 and 8 are within this area. The fact that plans 1 and 2 are not there indicates that under these high load conditions these two plans dominate the other six (are better in all aspects as they are located closer to the origin of the graph).
• Table 7 shows the summary of results from the regret analysis. In this table the values shown represent the maximum "regret" of each plan, (i.e. the maximum difference between the plan's outcome and the best possible outcome for all futures). Here we observe that the decision set may initially include Plans 1 and 5, since these plans minimize the regret for some of the attributes. Plan # 2 is not part of the decision set although it has similar results as Plan # 1 and slightly better present value of capital requirements. Since no Plan has the minimum regret for every attribute, Plan 1 was chosen as its results present the least volatility, i.e. there are no large excursions in the regret.. The results show that -as expected -the best options for the ESI are different for the various possible materializations of the uncertainties. It appears that the key for the Plans included within the decision set is that unless there is low load growth, all the best plans include an international interconnection as early as possible (2006) . International Interconnections increase the size of the electricity market, reduce the need for reserves, add flexibility and increase the size of the maximum unit that can be reliably installed in the system. This result is a constant in our experience, as it allows the countries to move away from the 'curse of small size'. Under the lower growth scenarios it would be feasible to delay this interconnection (provided that the existing plants are restored to minimum acceptable levels for availability) in which case the interconnection could be delayed to 2008. However this option resulted to be very volatile and hence risky. For over 23 years, Dr. Nadira has provided technical consulting services to electric utilities, independent project developers, and the financial community, in domestic as well as international assignments in the electric power sector. He has recently participated and/or directed independent technical consulting services for electricity transmission and distribution (T&D) companies in several countries around the world.
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